Protein-carbohydrate recognition is of fundamental importance for a large number of biological processes; carbohydrate-aromatic stacking is a widespread, but poorly understood, structural motif in this recognition. We describe, for the first time, the measurement of carbohydrate-aromatic interactions from their contribution to the stability of a dangling-ended DNA model system. We observe clear differences in the energetics of the interactions of several monosaccharides with a benzene moiety depending on the number of hydroxy groups, the stereochemistry, and the presence of a methyl group in the pyranose ring. A fucose-benzene pair is the most stabilizing of the studied series (−0.4 Kcal mol -1 ) and this interaction can be placed in the same range as other more studied interactions with aromatic residues of proteins, such as Phe-Phe, Phe-Met, or Phe-His. The noncovalent forces involved seem to be dispersion forces and nonconventional hydrogen bonds, whereas hydrophobic effects do not seem to drive the interaction.
INTRODUCTION
Protein-carbohydrate interactions play a fundamental role within the living organisms in processes such as apoptosis, infection, inflammation, or fertilization.
[1] Among the most cited noncovalent forces that participate in carbohydrate-protein recognition are hydrogenbonding and ionic interactions. The role of water has also been mentioned to be a determinant driving force in this process. [2] In addition, a widespread, but poorly understood, structural motif found between carbohydrates and proteins is the stacking of apolar patches of oligosaccharides with aromatic residues, [3] in which different noncovalent forces have been suggested to play a role, namely, CH-π interactions, Van der Waals forces, and hydrophobic effects. [4] Studies into carbohydrate-aromatic stacking interactions have been approached by using molecular biology tools, [5] NMR spectroscopy, [3b, 6] IR spectroscopy, [7] computational methods, [4a-c, 8] and model systems. [9] Artificial receptors that incorporate aromatics in their structure and take advantage of stacking interactions for carbohydrate recognition in apolar solvents have been reported. [10] Recently, a receptor containing meta-terphenyl units has been shown to bind cellobiose derivatives selectively in water. [11] Nevertheless, few experimental binding data on sugar-arene stacking interactions have been reported and the quantification of these interactions has been attempted only in two specific examples. The interaction of a glucose-tyrosine pair as a transition-state stabilization was measured to be 0.7 kcalmol −1 in the -IV subsite of a 1,3-1,4-β-D-glucan-4-glucanohydrolase system, in which cooperativity could be playing a role. [12] Recently, a nonbiologically relevant tetraacetylglucose-tryptophan interaction was found to stabilize a hairpin-peptide model system by 0.8 kcalmol -1 . [13] Herein, we describe the first model system in which carbohydrate-aromatic stacking interactions are measured and systematically studied. To do so, we quantified the contribution of two sugar-arene pairs to the stability of a dangling-ended DNA system. The energetic contributions of monosaccharide-benzene pairs in our DNA model system range from -0.15 to -0.40 kcalmol -1 . The observed differences are due to the influence of the number of hydroxy groups, the stereochemistry, and the presence of a methyl group in the pyranose ring. An upfield chemical shift of the NMR signals of all sugar protons in the oligonucleotide-carbohydrate conjugates confirmed the proximity of the carbohydrate to the face of the arene ring.
Results and Discussion
Design of the DNA model system: Our design of a dangling-ended DNA model is inspired by studies of aromatic stacking in DNA in which natural [14] or non-natural nucleosides [15] were placed at the end of a duplex in a "dangling" position. The resulting stabilization of the duplex was measured and compared with the duplex lacking the added nucleotides.
Our model system consists of a "dangling" benzene nucleoside with a covalently bound monosaccharide placed at the 5'-ends of a DNA duplex (Scheme 1A). The sugar is linked through an ethylene glycol spacer to a phosphate group located on the primary hydroxy group of the benzene nucleoside. This allows the pyranose ring to be on top of the benzene ring because it will be apart from the phosphate by the same distance as that found in a nucleoside between the base and its corresponding phosphate group (Scheme 1B). At the same time, this spacer allows enough freedom for the sugar to be either immersed in bulk water or in contact with the benzene ring. The DNA double helix acts as an energetic probe that allows the carbohy-drate-aromatic interaction to be quantified when the carbohydrateoligonucleotide conjugate is compared with the control lacking the carbohydrate moiety. In addition, the conjugate will allow the incorporation of different non-natural aromatic nucleosides and monosaccharides to quantify the interaction. Calculation of the contribution of the carbohydrate-aromatic interaction to DNA stabilization was carried out by comparison of the corresponding carbohydrate-DNA conjugate with the control that lacks the pyranose ring but still maintains the ethylene glycol spacer (second row in Table 1 ). In fact, the presence of the linker destabilizes the DNA conjugate, most probably due to the entropy cost because of its high mobility, and this factor must be taken into account.
Synthesis
The thermodynamic data show that all of the conjugates that contain a carbohydratearomatic moiety show higher stability than the control conjugate 2, most probably due to the affinity of the monosaccharides to stack with the benzene ring. It is important to note that the interaction is enthalpy driven, which seems to indicate the minor significance of classical hydrophobic effects in the interaction. Actually, the glucose-benzene interaction showed a stabilization of -0.25 kcalmol -1 in our dangling-ended DNA system.
Next, we investigated the effect of the number of hydroxyl groups in the pyranose ring on the interaction. β-Glucose stacks more strongly on the benzene ring than β-2-deoxyglucose, a more hydrophobic sugar that lacks the hydroxyl group at the 2-position. This result seems to support the fact that dispersion forces and nonconventional hydrogen bonds are the main noncovalent forces involved in this interaction, because the proton at the 2-position may be less polarized in β-2-deoxyglucose and, therefore, the interaction may lose one of the nonconventional hydrogen bonds. [4a] When 2-deoxyglucose is attached in the a-anomeric configuration, the stacking is similar to that found for b-2-deoxyglucose. This result could indicate a similar stacking geometry with the aromatic moiety due to the high flexibility of the spacer, but the different chemical shifts of the NMR signals of the sugar protons seem to point to different approaches to the benzene ring (see the structural features section below).
The effect of the stereochemistry of the carbohydrate on the interaction was examined by comparison of β-glucose and β-galactose in their interactions with benzene. Surprisingly, the results show that stacking is stronger for glucose than for galactose, although a more extended apolar area in galactose could lead to the opposite result being predicted, especially if dispersion forces are involved in the interaction. A possible reason for this result could be that the ethylene glycol spacer is not long enough to allow the galactose moiety to adopt a more apical geometry and interact with the arene ring through the apolar patch formed by its H3-5 protons. Actually, the chemical-induced shifts of the NMR signals for the protons, obtained by comparing the sugar unit in conjugate 4 with the βgalactose control 9, indicate a higher population of parallel-stacking geometry between the carbohydrate and the aromatic ring (see the structural features section below). In addition, it should be pointed out that the monosaccharides can approach the benzene unit through both faces of the pyranose ring due to the high flexibility of the linker. A stacking interaction with a parallel geometry between the β face of galactose and the aromatic ring is not possible due to the axial configuration of the hydroxyl group in the 4-position and, consequently, the potential contribution to the stability due to contacts through that face is lost in galactose but not in glucose ( Figure 1 ).
It is important to note that the energetic data obtained refer to differences in stability between carbohydrate-DNA conjugates but these energetic values are an average of the different conformations available for each carbohydrate-DNA conjugate. Furthermore, the possibility of formation of a hydrogen bond between the 4-OH group of glucose and the arene moiety cannot be ruled out; this interaction is not possible in galactose without disrupting the parallel stacking with benzene, due to its intrinsic geometry. Similar reasoning should also be considered when comparing β-glucose and β-2-deoxyglucose.
Actually, an H-bond between a glucose 4-OH group and toluene has been observed in the gas phase by IR spectroscopy, [7] and similar H-bonds have been observed in the X-ray crystal structures of proteins, such as between the hydroxy group of Thr13 and the center of the arene ring of Tyr6 in a class µ glutathione transferase. [21] Finally, we studied the relevance of a methyl group in the structure of the pyranose ring.
The contribution to DNA stabilization of the fucose-benzene interaction is -0.40 kcal mol -1 , which makes this pair the most stable of the series. This carbohydrate-aromatic interaction is in the same range as other more studied interactions with aromatic residues of proteins, such as Phe-Phe, Phe-Met, or Phe-His.
[22] The presence of the methyl group considerably increases the apolar surface of the carbohydrate and, therefore, dispersion forces involved in the interaction may be favored.
Structural features of the carbohydrate-aromatic stacking: 1 D and 2 D NMR
experiments were carried out to study the geometry of the dangling moiety of the carbohydrate-oligonucleotide conjugates. We compared the chemical shifts of the resonances of the sugar protons in the carbohydrate-oligonucleotide conjugates (3-7) with those of the corresponding monosaccharide controls (8) (9) (10) (11) (12) ) that possess the linker moiety but not the benzene nucleoside or the DNA strand. The comparison of the chemical shifts of the DNA resonances along the series of carbohydrate-oligonucleotide conjugates indicates no structural changes in the nucleic acid fragment. We observed that all of the proton resonances of the pyranose ring in the carbohydrate-oligonucleotide conjugates exhibited upfield shifting relative to those of the corresponding carbohydrate controls ( Table 2 ). Comparison of the 1 H NMR spectrum of carbohydrate conjugate 5, which contains the β-L-fucose unit, with that of the β-L-fucose control 10 clearly shows the upfield shift observed for all of the protons in the carbohydrate moiety ( Figure 2 ). These data seem to confirm that all of the monosaccharides in the study prefer to stay close to the arene ring rather than just being immersed in the bulk water molecules. The proximity of the monosaccharides to the face of the arene ring could explain the extra stability found in the carbohydrate-oligonucleotide conjugates due to the presence of a potential carbohydrate-aromatic stacking interaction.
Moreover, the monosaccharides can approach the benzene unit through both faces of the pyranose ring, probably due to the high flexibility of the linker. It is important to note that the chemical-induced shifts show a similar trend in the four sugars linked to the DNA conjugate through a β-anomeric configuration. Upfield shift is more significant on the α face of the pyranose moiety, where protons H1, H3, and H5 are pointing down, as can be observed, for example, in β-glucose ( Figure 3 ). This seems to indicate a more favourable interaction of the β-linked monosaccharides with the benzene ring through their α face.
Actually, a similar geometric tendency has been found by Waters and co-workers between β-glucose and tryptophan in a β-hairpin-peptide model. [13] In contrast to the results for sugars linked through a β-anomeric configuration to the DNA conjugate, the chemical-induced shifts for a-2-deoxyglucose show similar magnitude on both sides of the pyranose moiety. This could suggest that this sugar approaches the arene ring in a different way to the β-2-deoxyglucose and, therefore, different conformations are present during stacking with the aromatic moiety.
Finally, the β-2-deoxyglucose unit shows the largest resonance shifts of the series, even larger than those for β-L-fucose. This result is surprising since the stability measured is higher for β-L-fucose than for β-2-deoxyglucose during the interaction with benzene. This point to the fact that closer contact of β-2-deoxyglucose with the benzene ring may be possible due to the lack of a hydroxy group at the 2-position but this does not translate into a more favourable interaction.
Conclusion
Our results indicate that a dangling-ended DNA model system is a useful tool to measure carbohydrate-aromatic stacking interactions. Clear differences have been observed in the energetics of the interaction depending on the number of hydroxy groups, the stereochemistry, and the presence of a methyl group in the pyranose ring. The noncovalent forces involved seem to be dispersion forces and nonconventional hydrogen bonds between the protons of the pyranose ring and the benzene ring, whereas classical hydrophobic effects do not seem to drive the interaction. Investigations into the influence of other aromatic rings in the interaction and NMR spectroscopy and molecular modelling studies are in progress to obtain a better understanding of carbohydrate-aromatic stacking interactions by using our dangling-ended DNA model system.
Experimental Section
General remarks: All chemicals were obtained from Aldrich Chemicals and used without further purification, unless otherwise noted. which was used as an external reference (volume of 1 µL). In all experiments, the 1 H carrier frequency was kept at the water resonance. Data were processed by using the manufacturer software, raw data were multiplied by a shifted exponential window function prior to Fourier transformation, and the baseline was corrected by using polynomial fitting.
Melting curves for the DNA conjugates were measured in a Perkin-Elmer Lambda 12 UV/Vis spectrophotometer at 280 nm while the temperature was raised from 20 to 80ºC at a rate of 1.0 ºC min -1 . Curve fits were excellent, with χ 2 values of 10 -6 or better, and the Van't Hoff linear fits were quite good (r 2 =0.98) for all oligonucleotides. Differences of less than 10% were observed between thermodynamic parameters as determined by 1/T m versus ln[conjugate] plots and curve fittings. ∆H, ∆S, and ∆G errors were calculated as described previously.
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